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I. IIOTRODUCTION 
Creep of concrete has been of topical interest to the engineering 
profession since the turn of the century. In two recently completed 
bibliographies (l, l8) there are more than 400 citations referring to 
technical papers written since 1905» Allowing for some duplication 
between the two bibliographies it would be safe to estimate that at least 
300 separate and distinct papers have been cited. This figure expands 
geometrically, however, since every paper contains its own bibliography. 
It would be difficult to estimate the actual number of articles written 
during this period, but the number is in itself unimportant, except as 
an indication of the extent of activity or as a measure of the interest 
to the profession of this particular topic. 
Creep is the name given to the slow deformation of solid materials 
over extended periods under load (6). Creep of concrete is further 
complicated by the presence of shrinkage which is also a slow deformation 
over an extended period of time but without external load. Some author­
ities regard both creep and shrinkage as interdependent manifestations of 
a single phenomenon leading to volume change while others insist that the 
two are independent and, therefore, separable. It is important, therefore, 
to define the quantity under consideration rather carefully so that no 
ambiguity will exist in the interpretation of data and results. 
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A review of research by Ali and Kesler (l) has a particularly 
interesting section on historical background which summarizes the work 
done in the literature cited. This summary provides an overview of the 
subject which is invaluable to someone beginning a study of this inter­
esting subject. 
Neville (l9) summarizes existing theories of creep in concrete in an 
interesting article published in 1955^  but ends with a statement that; 
"There appears to be no conclusive evidence as to the exact mechanism 
of creep." Essentially this means that none of the existing theories 
are completely satisfactory in explaining the mechanism of the creep 
phenomenon. He suggests a compromise conception which attempts to 
reconcile the seepage (l5) and viscous (25) theories, and relegates 
other existing theories, i.e., mechanical deformation (8,9), plastic (27), 
and elastic after-effects (l6, 20, 21, 22) to positions of lesser 
importance. Ali and Kesler (l) have concluded in their review of research 
on the subject of creep that a full understanding of the phenomenon has 
not yet been achieved due to the multiplicity of factors involved and the 
complexity of creep and its associated problems, and that the field is 
therefore wide open for further research. 
A number of investigators have attempted to obtain creep-stress-
time relationships. Currently, the visco-elastic approach is quite 
popular. Ross (2^ ), Freudenthal and Roll (7), and Arutiunian (2) to 
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mention a few among a greater nrniber, have proposed rheological models 
which can be analyzed mathematically. While this approach is rigorous 
and quite elegant, the resulting expressions for creep are cumbersome 
and unwieldy at best, and it would be desirable, if possible, to arrive 
at a simplified expression providing of course that reasonable agreement 
between actual and predicted responses could be retained. Erzen ( 5 ) ,  
Straub {2k), and Kubo (l4), have proposed such simplified expressions. 
Erzen assumed a linearity between creep and stress level and 
therefore calculated specific creep, the creep per unit stress. The 
validity of such a quantity as specific creep is open to question. There 
is considerable disagreement among qualified researchers in the field 
on this particular point. However Straub presented evidence as early as 
1931 to refute the existence of specific creep and offered a simple 
relationship showing the dependence of creep on both stress and time. 
Kubo offered a somewhat more complex expression in which creep was 
related to stress through a polynomial expression, but restricted its 
application to a short duration of time, i.e., minutes only. A number 
of other researchers, Kesler, Neville, Bresler, and Roll, to name a few, 
have pursued the specific creep approach, which unquestionably is quite 
attractive because of the simplification it introduces and the reduction 
in the number of specimens required under test. Some authorities claim 
that the limiting value for which creep is proportional to stress is 50% 
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of ultimate strength (l3) while others contend that the limit of 
proportionality extends only to about 20% of ultimate stress (3; 11). 
These conflicting claims have led to considerable confusion, but have also 
attracted a considerable following which claims that for the normal 
range of working stresses, creep is proportional to stress, i.e., specific 
creep is a valid property of the material. It should be noted at this • 
time that virtually all studies involving specific creep have considered 
shrinkage as a separable quantity, i.e., the total strain in the concrete 
is made up of the sum of the initial "elastic" response, shrinkage, and 
creep. 
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II. OBJECT OF INVESTIGATION 
The purpose of this investigation is the analysis of the creep of 
plain concrete under uniform compressive stress from a phenomenological 
point of view with the objective of obtaining an alternate form of the 
creep-stress-time relationship to that obtained from a visco-elastic 
analysis. Hopefully the relationship so obtained will be more tenable 
than the cumbersome expressions obtained from the analysis of rheological 
models. 
The techniques of dimensional analysis will be used to organize 
an experimental program and to determine, if possible, the form of the 
expression describing the creep surface. A suitable least squares 
technique will be used in the numerical evaluation of any parameters 
involved in the equation of the surface. 
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III. DIMENSIONAL ANALYSIS 
Before a dimensional analysis can be undertaken the variables 
involved in the particular phenomenon must be recognized. Ali and 
Kesler (l) have classified the variables significant in this problem 
into the following categories. 
A. Ingredients 
a. Cement 
1. Composition 
2. Fineness 
b. Aggregate 
1. Permeability and absorption 
2. Mineralogical composition 
3. Particle size 
4. Grading 
5. Unit weight 
6. Rheological properties 
c. Admixtures 
B. Mix proportions 
a. Cement paste content 
b. Water-cement ratio 
c. Air content 
C. Mixing and compaction 
a. Mixing time 
b. Method and extent of compaction 
D. Curing history until time of loading 
a. Duration 
h. Temperature 
c. Humidity 
E. Stress 
a. Type 
b. Magnitude 
c. Time variation 
d. Duration 
F. Strength of concrete 
G. Hygrothermal conditions within the concrete 
H. Hygrodynamics or moisture movement in the specimen 
I. Temperature and humidity of the environment 
J. Shrinkage 
K. Shape and size of specimen 
A summary of the effects of these variables as reported by a number 
of researchers is included in the above reference (l) and will not be 
repeated here. Suffice it to say that the list of variables is long and 
that a considerable reduction will be necessary to permit analysis. 
Symbolically, however, a functional relationship among the variables 
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may be written as 
e  =  f ( V g ;  v ^ )  i n  w h i c h  v  r e p r e s e n t s  a  v a r i a b l e ,  a n d  
in this particular case, n = 28. 
Depending upon the number of dimensions required to describe these 
variables, a system of 26 or 27 dimensionless variables will be involved. 
It is expedient to reduce the number of variables under consideration since 
the liklihood of arriving at a usable expression from such a formidable 
array of variables, is to say the least, rather remote. It is therefore 
necessary to introduce some simplification into the system if the 
objective of an improved but still practically feasible expression is to 
be achieved. 
Such a simplification may be reached by introducing two significant 
quantities which identify the concrete under consideration in specific 
terms rather than the general terms presented by Ali and Kesler. A 
common practice in the profession is to identify concrete in terms of 
its ultimate strength at a particular age. If it can be assumed that such 
an identification is valid, the array of independent variables may be 
reduced significantly. Essentially it must be assumed that this type of 
identification will replace the variables listed under A through I above. 
If then shrinkage is included in the dependent variable, creep, only 
shape and size of specimen remains to be considered. If these latter 
quantities are omitted from consideration then the tacit assumption 
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has been made that their effects are small and may safely be neglected. 
While this reduction in the number of variables may appear to be 
drastic, it is consistent with the assumptions made in existing visco-
elastic analyses. Since the expression which is being sought is intended 
to be an improvement or at least an alternate form of the expressions 
obtained from the analysis of rheological models, it appears desirable 
to base the analysis in this research upon the same premises as have 
been used in visco-elastic analyses. 
On the basis of these simplifying assumptions, the functional 
relationship may be written symbolically as 
€ = F(f,fg, t, t^ ) in which 
e = shrinkage and creep strain, micro-inches per inch 
f = stress level (constant), ksi 
f^  = ultimate strength at age of loading, ksi 
t = time under load, days 
tg = age at time of loading, days. 
A possible set of dimensionless variables resulting from the above 
list would be 
which 
= e, the creep and shrinkage strain 
f 
«2 = ~ = S, the stress ratio, and 
o 
n = = T, the time ratio; or 
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e = F(S,T). 
Such a system may be represented geometrically by a three-space in which 
€ is the dependent variable, and S and T are the independent variables. 
The experimental program dictated by such a system requires that a number 
of specimens be subjected to selected load levels while strains are read 
at time intervals. Curves may be plotted from these data showing strain-
time relationships at constant stress, and the strain-stress relationships 
at constant time. If the plots are sufficiently well behaved, families 
of curves may be represented analytically. The analytical descriptions 
of these families of curves are called component equations. If the 
component equations satisfy certain criteria, the equation of the resulting 
surface may be represented analytically. 
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IV. MIX PROPORTIONS, SPECIMEN CONFIGURATION, AND EQUIPMENT 
In order to simplify duplication and quality control of the mix, 
it was decided to use a mortar containing a single fraction of sand 
rather than a completely graded aggregate. The fraction selected was 
that portion of the local sand, (Boulder Creek) passing the l6 mesh hut 
retained on the 30 mesh screens. The cement was a Type I Portland from 
the Ideal Cement Company plant at LaPorte, Colorado. More than suffi­
cient cement was obtained from a single batch to cast all the specimens 
which it was anticipated would be necessary. 
After experimenting with trial mixes to produce a 3 inch slump, 
a mix with proportions of one part cement to $.12 parts sand by weight 
at a c/w ratio of 1.6o was selected. Absorbed water demand of the 
uniformly graded aggregate was determined to be 1% of the weight of the 
dry aggregate, and this quantity of water was added to the mix in addition 
to the water required to satisfy the c/w ratio. All mixing was done in a 
2-| cubic foot revolving drum type mixer (Model 3S, Wonder Mixer, Con­
struction Machinery Company, Waterloo, Iowa) operating at 22 rpm for a 
mixing time of 5 minutes. The mixer was first buttered and drained before 
the actual mix ingredients were added. The sand was added first, then 
half the total water. These ingredients were mixed for a short time; 
then the cement and remaining water were added. Mixing time was considered 
to begin after all ingredients were in the mixer. After 5 minutes of 
mixing, the hatch was dumped into a wet but drained wheel barrow. From 
there it was placed into greased metal molds with a three inch scoop. 
A laboratory type vibrator, (Model No. 11, Viber Company, Burbank, 
California) operating at 10,000 rpm was used to compact the mix. It was 
found that internal vibration proved to be unsatisfactory, so the vibra­
tor was used externally for periods of about 30 seconds in three inch 
lifts. In addition a cylindrical shaped trowel was used to provide 
wiping action around the periphery of the cylindrical molds to help 
eliminate surface bubbles at the concrete-metal interface. Three different 
shaped specimen molds were used depending upon the type of test to which 
the specimen was to be subjected. Standard two by two by ten inch steel 
prismatic molds were used for shrinkage specimens with stainless steel 
inserts in the ends to fit the shrinkage comparator. Three by six inch 
brass cylindrical molds were used for ultimate strength and stress-
strain characteristic specimens. Three by thirty inch steel cylindrical 
molds were used for the creep specimens. The prismatic molds were filled 
half full, rodded with a small trowel, then overfilled and vibrated 
externally for 30 seconds before being struck off and covered with a 
brass plate. The three by six inch and the three by thirty inch cylinders 
were filled in a similar manner but were vibrated externally for 30 
seconds in three-inch lifts. When the top surfaces of the cylinders were 
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struck off, they were covered with greased steel plates, and then the 
cylinders were laid on their sides in order to minimize the effect of 
subsidence in the cylinders. 
The specimens were left in the molds for twenty-four hours, then 
stripped and placed in a fog room at 70°F and 100^  relative humidity for 
an additional six days. They were then removed from the fog room and 
stored at room temperature until time of test. 
A single hatch of concrete, designated 8-I8 series, was used to 
cast three shrinkage prisms, 27, three by six inch cylinders, and 6, 
three by thirty inch cylinders. 
Measurements were made on the shrinkage specimens (Figure l) in 
accordance with the provisions of ASTM C157-5^ T. However, the data so 
obtained are included only for completeness since it had been suspected 
from pilot tests that the shrinkage of the prisms was somewhat different 
from the shrinkage of the cylinders. 
The three by six inch cylinders were tested in a specially designed 
apparatus (Figure 2) which permitted the observation of a descending 
branch of the stress-strain curve (the so-called complete stress-strain 
curve) at ages of J, l4, 21, 28, 35, 42, 4-9, $6, and 98 days so that 
information would be available concerning the change in strength 
characteristics during the time that creep observations were being made. 
Figure 1. Shrinkage comparator 

/ 
Figure 2. Compression test apparatus 
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The three hy thirty inch cylinders were fitted with brass gage points, 
cemented on with epoxy, during the interval between age 7 and l4 days, 
and were loaded at age l4 days at load levels corresponding to 20, $0, 
W, 50, 6o, and 70^  of the l4-day ultimate strength. Observations were 
made daily for the first week under load and then weekly until age $8 
days, The creep frames were spring loaded with a spherical bearing block 
at both top and bottom of and with a load cell in series with the specimen 
(Figure 3)* The load was applied through a hydraulic ram then transferred 
to three pull rods by means of nuts threaded onto the rods. Strain 
measurements were made with a Whittemore Strain Gage of either ten-inch 
or two-inch gage length. The specimens loaded at 50^  of ultimate or above 
were fitted with five sets of two-inch gage lengths, while those loaded 
at hOf^ o of ultimate or below were fitted with three sets of ten-inch gage 
lengths. A set of gage points was considered to be two gage lengths on 
diametrically opposed elements of the cylinder. It was necessary to use 
both ten-inch and two-inch gage lengths because a pilot test had shown 
that at higher stress levels, the strain would outrun the range of the 
ten-inch Whittemore Gage. It was therefore necessary to compromise 
between sufficient range and number and ease of making observations. 
It was decided arbitrarily that the average of 6 ten-inch readings would 
be of the same quality as the average of 10 two-inch readings. As a 
matter of experience, it was found considerably more difficult to obtain 
Figure 3- Creep frame 
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reproducible data with the two-inch Whittemore than with the ten-inch 
Whittemore Gage. 
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V. PRESENTATION OF DATA 
A. Shrinkage Data 
Following the provisions of ASTM C157-5^ T, modified to provide 
additional observations, data were taken for shrinkage-time character­
istics. Initial readings were taken immediately upon removal from the 
molds (age 24 hours), then at 3 days (during the curing period), at 7 
days (immediately upon removal from the fog room), and then at 10, l4, 17, 
21, 24, 28 days, and at intervals of 7 days thereafter until age 98 days. 
The data are presented in Table 1. In this table swell is considered 
negative shrinkage which is represented by a minus sign. Each strain 
reading is the average of three specimens. Specimens were stored at 
room temperature of 75°F + 5° at relative humidity which was uncontrolled 
but which varies only slightly in Colorado. Estimated relative humidity 
was 'kOPjo + 10%, since the data were taken during the comparatively dry 
months, October to January. 
Table 1. Shrinkage as measured on 2 by 2 by 10 inch prisms 
Age Shrinkage Strain Age Shrinkage Strain 
Days micro-strain Days micro-strain 
1 
3 
7 
10 
Ik 
-153 
-293 
97 
517 
0 k2 
49 
56 
65 
70 
860 
970 
987 
1032 
1037 
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Table 1 (Continued) 
Age Shrinkage Strain 
Days micro-strain 
Age 
Days 
Shrinkage Strain 
micro-strain 
17 
21 
2k 
28 
35 
k37 
553 
620 
680 
773 
77 
81+ 
91 
98 
1033 
1073 
1075 
1097 
B. Stress-Strain Data 
One of the problems peculiar to the study of creep of concrete is 
that the properties of that concrete are changing during the period in 
•which observations are being made. This leads to some question as to 
which value of ultimate strength should be used in the denominator of the 
stress ratio. Before any objective decision can be made it is necessary 
to know something about the variation in this property (ultimate strength) 
and perhaps other mechanical properties of the concrete as well. 
In order to determine the variation in the properties of the concrete 
during the observation period, 2J three by six inch cylinders were cast 
and tested at 7 day intervals in groups of 3 from age 7 days to $6 days, 
and at age 98 days. A specially constructed apparatus (see Figure 2) 
was used so that the so-called complete stress-strain diagram could be 
obtained. Essentially this apparatus consisted of a supporting frame 
which shared the load with the specimen under test in such a manner that 
when cracking and resulting drop off of load occurred in the specimen, 
the supporting frame absorbed the energy released. In this manner the 
strains in the concrete beyond the conventional ultimate strength could 
be determined. The load in the concrete specimen was determined by 
monitoring a load cell in series with the specimen,and the strains were 
read by means of a mechanical compressometer. 
All specimens were capped with a commercial capping compound 
consisting of 50^  sulfur and 50^  fire clay on one end only. This was the 
end corresponding to the top of the cylinder during casting. During the 
compression test, however, it was convenient to place the capped end 
down. All specimens were tested in this position. Table 2 shows the 
results of these tests. In all cases the tabulated results represent 
the average of three specimens. 
Table 2. Stress-strain data for 3x6 inch cylinders 
Strain Stress - ksi 
micro- 7 l4 21 28 35 k2 k9 $6 98 
strain Day Day Day Day Day Day Day Day Day 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
234 0.61 0.72 0.73 0.78 0.70 0.74 0.81 0.74 0.73 
468 1.12 1.30 1.31 1.42 1.39 1.35 1.45 1.28 1.34 
702 1.57 1.78 1.79 1.98 1.92 1.87 2.02 1.79 1.89 
936 1.84 2.22 2.19 2.47 2.40 2.34 2.53 2.29 2.37 
1170 2.08 2.60 2.52 2.89 2.82 2.80 2.94 2.67 2.81 
l4l4 2.27 2.98 2.83 3.25 3.17 3.07 3.31 3.01 3.19 
1638 2.39 3.11 3.09 3.55 3.46 3.34 3.60 3.30 3.53 
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Table 2 (Continued) 
Strain Stress - ksi 
micro- 7 14 21 28 35 42 49 56 98 
strain Day Day Day Day Day Day Day Day Day 
1872 2.48 3.30 3.31 3.83 3.70 3.57 3.83 3.55 3.81 
2106 2.52 5.47 3.45 4.00 3.89 3.76 4.02 3.77 4.01 
2340 2.61 3.58 3.58 4.17 4.04 3.90 4.15 3.92 4.17 
2925 2.55 3.78 3.77 4.33 4.24 4.07 4.27 4.09 4.39 
3510 2.45 3.79 3.82 4.21 4.17 4.01 3.96 3.86 4.28 
4095 2.28 3.65 3.77 3.73 3.92 3.75 3.13 2.93 3.49 
4680 2.21 3.46 3.66 3.38 3.31 3.25 2.01 2.62 3.05 
5265 . 2.11 3.18 3.50 2.54 2.58 2.53 1.39 2.39 2.57 
5850 1.90 2.88 3.30 2.04 1.94 2.12 1.10 2.12 2.18 
6435 1.58 2.69 3.06 1.29 1.58 1.75 0.86 1.84 1.89 
7020 1.46 2.4o 2.80 1.42 0.66 1.41 1.71 
7605 1.28 2.10 2.57 1.13 1.27 
8190 1.10 1.90 2.37 0.95 1.16 
C. Creep Data 
At age l4 days 6 three by thirty inch cylinders with brass gage 
points attached were capped on both ends and were placed in creep frames 
similar to that shown in Figure 3. They were subjected to loads corres­
ponding to 20, 30, 40, 50, 60, and 70 percent of the l4-day ultimate 
strength. Load was applied to the spring-loaded system by means of a 
hydraulic ram, and the magnitude of the load was monitored through a 
load cell in series with the cylindrical specimen. Strains were read 
with a Whittemore Strain Gage as soon as possible after the load was 
applied and this value was recorded as time zero plus. This reading 
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was simply a check reading since this strain should have been equal to or 
slightly greater than the corresponding strain on the l4-day stress-
strain carve at the corresponding stress. The load was then transferred 
from the hydraulic ram to nuts threaded on the tension rods. Next 
the hydraulic ram was removed and placed in another creep frame. 
After approximately 30 days of creep data had been collected, it 
became apparent that serious discrepancies existed in the data. Rather 
than lose any more time in collecting invalid data, the frames were 
unloaded; and the load cells were recalibrated. Two of the load cells 
were found to be defective and were replaced. 
Another batch of specimens, identified as the 9-1? series was then 
mixed and cast. This time there were 8 three by thirty inch cylinders 
and 12 three by six inch cylinders. The 7 day tests showed an average 
ultimate strength of $.l6 ksi as compared to the 7 day ultimate strength 
of the 8-I8 series of 2.6l ksi. The l4 day ultimate strength of the 
9-I7 series was k.66 ksi compared to that of the 8-18 series of ^ .8o ksi. 
Mix proportions and procedures were identical to all intents and purposes 
so it is difficult to explain such a variation in strength properties 
between the two batches. It is important to note, however, that the 
shrinkage prisms and the variation in stress-strain properties specimens 
came from the 8-I8 batch while the creep specimens and a few control 
cylinders came from the 9-17 batch. 
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The creep specimens in the 9-17 batch were loaded at 0, 10, 20, 
30; ko, 50, 6o, and jCffo of the l^-day ultimate strength. During the 
course of loading, the "JCffo specimen failed because of inadvertent 
eccentricity produced by poor centering of the hydraulic ram. Thus 
seven specimens only remained in the set for creep measurement. 
It should be noted that the specimen subjected to zero percent load 
was also mounted in a creep frame. This was done so that shrinkage could 
occur while the specimen was in a vertical position corresponding to the 
position of the specimens under load. 
The data obtained in the creep observations are tabulated in Table 
5. The quantities entered in the strain columns are the total strain 
reduced by the "elastic" response as determined from the l4-day stress-
strain curve. Thus the creep strain, 
e = - Eg in which 
€ = the strain due to shrinkage and creep, 
e, = the total unit strain, and 
t 
= the "elastic"response. 
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Table 3» Creep data for 9-17 series cylinders 
\Level \ micro-strain 
Time\. 
Days \ Qflo lOPfo 20^ JiOPjo 50% 6o% 
0+ 0 25 42 97 223 405 290 
1 25 l6o 273 462 077 1425 1445 
2 75 235 363 620 1098 1685 1790 
3 107 300 465 735 1268 2085 2080 
4 138 357 548 845 l402 2265 2295 
5 175 413 617 938 1533 2500 2570 
6 227 467 695 1026 1668 2635 2715 
7 210 483 718 1085 1750 2885 2990 
10 282 593 858 1278 2025 3195 3285 
14 375 723 1042 1508 2320 3530 3800 
21 473 905 1278 1807 2752 4235 4150 
28 532 1038 1445 2047 3095 4625 4750 
35 650 1162 1592 2232 3355 4945 5115 
42 692 1273 1720 2383 3575 5320 5430 
49 693 1285 1752 2442 3698 5345 5580 
56 722 1350 1825 2540 3827 5520 5700 
63 736 1377 1862 2593 3907 5635 5790 
70 757 1403 1893 2650 3988 5770 5965 
77 770 1425 1922 2698 4o48 5785 6000 
84 797 1458 1965 2733 4112 5845 6100 
91 798 1458 1972 2750 4137 5790 6105 
98 807 1483 1988 2772 4170 5920 6210 
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VI. ANALYSIS OF DATA 
A. Comparison of Shrinkage Characteristics Obtained 
from Prisms and Cylinders 
The shrinkage results for the two by two inch prisms and the three 
by thirty inch cylinders are plotted to the same origin in Figure 4. 
In this figure, time is measured from the time of casting. The smooth 
curve is drawn through the points representing the shrinkage of the prism 
while the points representing the response of the cylinder are plotted 
to the same origin but are not connected by any curve. Measurements were 
made on the prisms following ASTM procedures starting at age 1 day, while 
the first measurements were made on the cylinders at age l4 days. 
Agreement between the two curves is remarkably good, however, up to 
approximately 56 days. This is to be expected since the surface area to 
volume ratios for both the prisms and cylinders, excluding ends, are the 
same. After 56 days the cylinder shows a lesser rate of shrinkage. This 
can be attributed to the greater lateral dimension of the cylinder, which 
simply requires a longer path for interior moisture to reach the surface 
t© evaporate. 
As might be expected, then, the shape of the section does affect 
the shrinkage. In this particular instance the effect of shape is not 
really significant, but in a very thick section, some consideration would 
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have to be given to this factor. 
B. Analytical Stress-Strain Curves 
A typical complete stress-strain curve is shown in Figure 5» In an 
attempt to observe the manner in which the stress-strain characteristics 
vary with age, analytical expressions were written for all the stress-
strain data as suggested by Desayi and Krishnan (4) as modified by Tulin 
and Gerstle (26). The form of the analytical representation is 
E e 
f in which (l) 
a 4. 
0 
f = the generic stress, 
e = the generic strain, 
= the strain at maximum stress, f^, and 
E^, a, and b are empirical constants. 
The method used in evaluating the empirical constants in Equation 1 
is explained in Appendix A. 
The three constants, a, b, and E , and the experimental values f and 
o o 
e are indices which can be used as a measure of the variation in stress-
o 
strain characteristics with age. 
The values of these constants at different ages are tabulated in 
Table k for the 8-l8 series. It appears that there is no particular 
pattern to the variation and that the results seem to be somewhat erratic. 
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Table 4. Variation of stress-strain parameters with age 
Age Characteristic stress--strain parameters 
.Days fo Eo a b 
ksi X 10 3 ksi 
7 2.74 2.65 1,849 0.788 0.86 
14 5.80 5.25 2,507 0.975 2.15 
21 5.82 5.50 2,206 1.022 2.57 
28 4.55 5.05 5,519 1.468 5.14 
55 4.25 3.08 5,247 1.555 2.66 
42 4.07 2.92 5,510 1.380 2.45 
49 4.27 2.92 5.750 1.560 4.05 
56 4.09 2.92 5,680 1.650 5.50 
98 4.59 2.92 4,150 1.768 5.52 
Several trends can be observed from an examination of the manner 
in which these constants vary. The maximum stress, fg, the stiffness 
parameter, the coefficient, a, and the exponent, b, appear to increase 
with age erratically. The strain at maximum stress increases to a maximum 
at about 21 days, then decreases slightly to a constant value. Further­
more, the ultimate strength varies only slightly beyond age 28 days. 
C. The Creep Surface 
In order to obtain the data shown in Table $, it was necessary to 
subtract the "elastic" response from the total strain values. The 
3^ 
characteristic stress-strain curve for the 9-1? series is plotted in 
Figure 6, and the data are tabulated in Table 5» When the data in 
Table 3 were plotted in an ordinary arithmetic plot the family of strain-
time curves shown in Figure 7 resulted. All these curves appeared 
to be reasonably consistent with each other except for the curves at 50 
and 6(yfo of ultimate strength. These curves appeared to be much too close 
to each other. At this point it was impossible to determine which curve 
was in error. However, at the end of the 98 day creep period, the frames 
were unloaded, and it was found that the zero reference of the load cell 
corresponding to the 60% specimen had drifted more than of its load. 
Since there was no way of knowing when this drift had occurred, it was 
not possible to correct for drift, and it was therefore necessary to 
reject these data as unreliable. The remaining load cells showed drifts 
varying from 0.2% to 5^, and the data from these cells were considered 
sufficiently reliable to use. 
Strain-stress curves were then plotted and are shown in Figure 8. 
Examination of these curves shows that there is an apparent point of 
contraflexure in the region between 0 and 20% of ultimate strength. 
This is the very region in which there is considerable feeling that 
creep is proportional to stress. The creep strain in this plot includes 
shrinkage which may have some effect on the shape of the curve in this 
region. 
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Table 5- Fourteen day stress-strain data for 9-17 series 
Stress Strain Stress Strain 
ksi micro-strain ksi micro-strain 
, 0.00 0000 3.99 1872 
0.79 234 4.21 2106 
1.54 468 4.38 2340 
2.12 702 4.63 2925 
2.65 936 4.57 3510 
3.07 1170 3.57 4095 
3.42 i4o4 2.25 4680 
3.74 1638 
The strain-time and strain-stress data, non-dimensionalized, were 
then plotted to a log scale, resulting in Figures 9 and 10. 
Examination of the family of strain-time plots disclosed a rather 
interesting phenomenon. The data could be approximated by a set of 
bilinear curves in log space, with a point of discontinuity in slope at 
approximately the same time ratio ordinate for all curves. This point 
requires further elaboration which will be done in the section on 
interpretation of results. The family of curves was essentially parallel 
in each of the two regions which for ease of reference are simply called 
Region 1 and Region 2. These data may be represented by simple analytical 
expressions of the form 
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Region 1: (e- ) = p.T.*^!; 0.0 < T < 3«25 
b j 1 j -
(2)  
Regions, 5.25 < T < 7-0 . 
The values of and q^, the time ratio exponents corresponding to 
Regions 1 and 2, were determined to be 0.4)0 and O.I65 respectively. 
These values were calculated by taking the arithmetic average of the 
slopes of the family of curves shown in Figure 9« The values of, the p^ 
were read directly from this same graph at the time ratio ordinate, T = 
1.0. The values of the p^ are displayed in Table 6. 
Table 6. Time ratio coefficients in component equations at constant 
stress ratio 
i Si 0.00 < T < 3.25 Pi 3.25 < T < 7.0 
1 0.0& 805 1150 
2 0.1* 850 1220 
3 0.2 1050 1400 
4 0.3 1500 1930 
5 0.4 2330 2850 
6 0.5 3590 4250 
7 0.6 5400 6020 
^Taken from plot for A* and S = 0.1*. 
The strain-stress plots were curvilinear in log space suggesting 
that perhaps simple analytical expressions could not be written for this 
k2 
family of curves. However, under some circumstances rectification of 
such curves may be achieved by a translation of origin, which would 
imply that the form of the expression was 
• 'd ¥1° ° ''î'.'l (3a) 
J J 
The difficulty of course, in performing this translation or origin 
was in determining the values of ^ which would satisfy. If the subscript 
T. is dropped temporarily as a simplification of notation, at a particular 
4 
e. - A = m.S.^ or (3b) 
1 J J 1 
h - \ '  Vi"* (3c) 
\ (3d) 
If Equation 3c is divided by Equation 3d 
€ - S 
— = (—)^ = some ratio, (4) 
^2 ~ 1 2 
Similarly 
Ç. ~ H S 
— ^ = some ratio, (4a) 
^4 - *1 ^4 
If R^ and R^ are selected to be equal, then 
!l1A - v A  
'•x~ '1 
(4b) 
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=1=4 -
' r, - . c, <5) 
Since this value, i^, depends upon experimental data which is subject 
to experimental error, several values should be calculated to obtain a 
reasonably reliable result. This type of repetitive operation is ideal 
for computer solution, so a short program was written to solve for a set 
of values, corresponding to each T^. The T^ were arbitrarily selected 
to correspond to points for which data were taken, i.e., T^ = 0.5, 1«0, 
1.5, 2.0, 2.5, 3»0, 3*5, 4*0, 4.5, 5»0, 5*5, 6.0, 6.5, and 7.0. The 
strain values were chosen so that stresses corresponding to those strains 
satisfied the requirement 
^ S3 S 
= — = — = R., any convenient ratio. Ten values of A, were 
Sg 8^ Sq 1 k 
calculated for each T., and the results were averaged and called X.. 
J J 
The values obtained from the computer are displayed in Table 7* It was 
necessary to read some strain values from the experimental curves of 
Figure 8 in order to obtain sufficient data to calculate ten values of 
Table 7« Constants in component equations at constant time ratio 
j T. ^. m. n j T. i . m. n 
J J J J J J 
1 0.5 586 12,480 2.61 8 4.0 1465 24,500 2.61 
2 1.0 798 16,630 9 4.5 1508 25,500 
3 1.5 964 20,050 10 5.0 1539 26,110 
44 
Table 7 (Continued) 
j 
"j JL ' j m^ n j '3 
4 2.0 1136 21,110 11 5.5 1556 26,500 
5 2.5 1289 21,740 12 6.0 1565 26,600 
6 3.0 1392 23,090 13 6.5 1592 26,700 
7 3-5 1435 23,270 2.61 14 7.0 1601 26,880 2.61 
When the had been calculated, it was necessary to compute values 
for G1 by subtracting X. from each of the appropriate experimental strain 
T J 
values. Subtraction of the JL. from the shrinkage and creep strains at 0 
J 
and 10^ load levels would have resulted in negative values, which are 
patently impossible. Therefore, experimental strains corresponding to 0 
and ICffo load levels were temporarily held in abeyance. The values of 
ei for stress levels of 20, JO, 40, and $0% are tabulated in Table 8. 
T 
Table 8. Creep strains to translated origin 
el - micro-strain 
T > y 0.1& 0.2 
— T 
0.3 0.4 0.5 0.6^  
0.5 35 174 499 1164 2299 3280 
1.0 42 244 730 1522 2732 4490 
1.5 46 314 853 1788 3271 5890 
2.0 49 309 911 1959 3489 5720 
2.5 52 303 943 2066 3656 6000 
3.0 54 328 991 2183 3878 6290 
3.5 56 317 1007 2263 3910 6360 
^Interpolated between values of A, and strains at S = 0.2. 
b ^ Extrapolated from curve. 
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Table 8 (Continued) 
0.2 
el - micro-strain 
T 
0.5 0.4 0.5 0.6 
4.0 59 
4.5 6l 
5.0 63 
5.5 64 
6.0 66 
6.5 67 
7.0 69 
357 
345 
354 
366 
400 
380 
397 
1074 2361 4054 6410 
1004 2598 4126 6610 
1111 2449 4231 6750 
1142 2492 4229 6950 
1168 2547 4280 7050 
1159 2545 4198 7320 
1171 2569 4229 7490 
The rectified log plots appear in Figure 11. Values for S = 0.1 
and S = 0.6 in Table 8 were interpolated or extrapolated from the curves. 
Since rectification was possible it was apparent that the component 
equations were of the form 
The value of n was determined by taking the slope of the rectified curves 
in Figure 11. This value was determined to be 2.61. The values of m^ 
were still to be determined. Since these values were of the order of 
magnitude of 10^, it was deemed unwise to read the intercepts from the 
rectified plots at S = 1.0. Another short computer program was written 
to solve for the m^  using the experimental points for S = 0.2, 0.3, 0.4, 
and 0.5 only, so that no bias would be introduced into the system through 
interpolation or extrapolation of data. Four values of were calculated 
for each value of T.. The results were averaged and called m.. These 
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values are tabulated in Table 7 also. 
At this point it becomes necessary to discuss the significance of 
the values in Equation 5« From the form of the equation it is 
apparent that jJ. is the value of creep for a particular T. at zero stress 
J J 
level. Such a quantity would normally be defined as shrinkage, since it 
occurs at zero stress. However there is a considerable discrepancy 
between these values and the measured shrinkage which requires explanation. 
This explanation or interpretation appears in the section on interpreta­
tion of results. It should also be noted that a discrepancy exists 
between measured creep at lOjo stress level and the interpolated results 
which would be the sum of values tabulated under S = 0.1 in Table 8 and 
the a. value corresponding to particular T.. This explanation also is 
J J 
included in the interpretation of results. For completeness of the 
component equations, however, the strain-time curves corresponding to 
A. and interpolated S = 0.1* were also plotted in Figure 9-
With the information contained in Tables 6 and 7, two sets of 
component equations were written. These are tabulated in Table 9 and 
Table 10. 
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Table 9* Component equations at constant stress 
S Region 1 Rogi 01 .  2 
(•3)2 X 106 
0.0 U50T°-^®^ 
0.1 850T°'^ °^ 1220T°'^ ^^  
0.2 1050T°'^ °^ 14007°']85 
0 .3  1500T°'^ °^ 1930T0'1% 
0.4 2330?°'^^° 2850T°'^8^ 
0 .5  35901°'^^° 4250T°'^ ^^  
0.6 5400T°'^ °^ 6020T°'^ ^^  
In the above se t ,  the equations for S = 0.0 and S = 0 . 1  correspond to the 
curves for I* and 0.1* in Figure 9-
Table 10. Component equations at constant time 
- ' 6 
T X 10 
0.5 585 ^  12,480S^ '^  ^
1.0 800 + 16,6)08^'^^ 
1.5 964 4 20,0508^'^^ 
2.0 1135 ^  21,1108^ '^  ^
2.5 1290 T 2L,7408^ '^  ^
3.0 1390 : 25,0908^ '^  ^
3.5 1435 ^  23,2708^ '^  ^
4.0 1465  ^24,5008^ '^  ^
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Table 10 (Continued) 
e- X 10^  
4.5 1510 + 25,5008^ '^  ^
5.0 1540 + 26,1103^ '^  ^
5.5 1555 + 26,5008^ '^  ^
6.0 1565 + 26,6008^ '^  ^
6.5 1590 + 26,7008^'^^ 
7.0 1600 + 26,8808^'^ 
In order to write the equation of the creep surface, it was necessary 
to determine the manner in which the component equations combined. 
Established techniques were available to test for the manner of combination 
(17). The form of the component equations indicated that combination by 
multiplication was possible. Therefore the test for combination by 
multiplication was performed, choosing from the family of component equa­
tions at random. 
In order for the equations to combine by multiplication, the follow­
ing relationship must be satisfied (l7)« 
Since the equation for e- had two limbs. Region 1 and Region 2, it was 
necessary to perform the test twice. This required holding at some 
50 
convenient but representative value, while two values of (it^  and it^ ) 
were selected in each region. 
Region 1: 
= 800 + 16,6308^ '^  ^ at rc^  = 1.0; 
? ( « , « )  =  8 0 0  + 16,630(0.4)^ '^ '^  at it, = 1.0, it = O.k; 
 ^ J) 52
~ ^ 90 + 21,Y408 at =2.5; 
F(ng,n^ ) = 1290 + 21,7iK)(0.4)^ *^  ^ at n = 2.5, = 0.4. 
800 + 16,6305^'^^ I 1290 + 21,7408^'^^ ^ 
800 + 16,630(0.-4)^' ^ 1290 + 21,740(0.4)2' 
0.345 + 7»i60S = 0.395 + 6.6608^ '^  ^ (6a) 
Region 2: 
F(ng,n ) = 1435 + 23,2708^ '^  ^ at â = 3.5; 
F(n^,n^) = 1435 + 23,270(0.4)2'^  ^ at = 3.5, "g = 0.4; 
F( 1:2,^ 3) ~ 880S^ '^  ^ at = 7.O; 
^^ "2'"3^  = 1600 + 26,880(0.4)^ '^  ^ at = 7'0, «2 = 0.4. 
1435 + 23,2708^'^^ I 1600 + 26,8808^'^^ 
1435 + 23,270(0.4)2'"^^ 1600 + 26,880(0.4)2*^^ 
(7) 
0.404 + 6.55632*^  ^ I 0.395 + 6.63632*^  ^ (7a) 
It is evident that the test for combination by multiplication appears 
to be satisfied better in Region 2 than in Region 1. However, the test 
is satisfied sufficiently well that combination of component equations 
by multiplication may be assumed. 8ince the quality of the data is not 
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all that could be desired, care must be taken in the selection of the 
necessary constants. This means that all the data should be used in the 
final selection of constants with the hope that any error present is 
random, in which case a simple arithmetic average would be a good 
estimate. 
Since the component equations combine by multiplication, the 
resulting expression for creep may be written symbolically as (17) 
Vv,i 
Note that the two terms in this equation are identically the terms 
which appear in the test for multiplication, and that this test was 
satisfied only approximately. Rewriting Equation 8 in terms of the func­
tional form of and F^  
( A. + m 8")p.T% 
F(it ) = — (8a) 
2 3 ( 4 + 
J J 1 
in which S and T may vary continuously, but the are discreet constants, 
actually the stress levels at which the experimental tests were run. 
Regrouping Equation 8a 
P. 
+ m^ .s")T^  1 
- X. + m 
J J 1 
(8b) 
The quantity in brackets in Equation 8b is a constant for any particular 
i and j. For a particular j it should be constant for all i. However, 
due to experimental error it is not constant but varies slightly, and 
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hopefully", in an entirely random manner. If this is true then the arithme­
tic average would be a good estimate of the value. If the quantity in 
brackets is simply called then 
"i ' , (9) 
With j held constant there will be seven values of one for each S^ . 
If the seven values are averaged and called then 
T% (10) 
Defining A. = 4.R. and 
J J J 
B. = m.R. 
J J J 
there will be fourteen values of A. and B.. Denoting the arithmetic 
J J 
average of these quantities as A and B, the equation of the creep surface 
becomes 
= (a  ^+ B^ S^ )T ^  in Region 1 
F(n^ _,7i^ ) = (Ag + in Region 2 
(12) 
or 
= (867 + I5,350s2-&)T0.430 
Eg = (1109 + 19,650S^ '^ )^T°'^ ®^  
These expressions may be considered preliminary estimates only since 
exception could be taken to the somewhat naive technique used in arriving 
at the results. 
In order to improve the quality of the estimates of the parameters. 
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a least squares fit of the experimental data was then attempted. The 
expressions for the surface, Equations 12a, are non-linear, resulting in 
a non-linear regression. According to H. 0. Hartley (l2) when the 
regression function is non-linear in the parameters, both the theory and 
the practice of the estimation procedure is considerably more difficult 
than in the linear case. 
Consider a function 
e = (13) 
in which the z's are independent variables, and the p' s are parameters. 
Furthermore, let be a set of experimental points for which f is the 
best approximation. Define 
n 
Q = L [e^  -
i=l 
which must be minimized. Now replace the Pj in Equation l4 with a Taylor 
series approximation, or 
Î1 ' A i;; a' 
° 1^2 +1;; (15) 
a/ \ 
^3 ° A ST "(f;) 
3 
 ^Sf _/ \ 
4^ °  ^ A' 
in which the prefix one refers to the initial choice of the parameters and 
the ô( p.) refer to the first corrections to the parameters. 
J 
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In order to minimize"" Q, 
= 0 (16) 
This will lead to four simultaneous equations in the When the 
variations in the parameters have been determined, a second choice of 
the parameters is made. 
= 1^ 3 + 
and the process is repeated until the variations become suitably small. 
Obviously this type of solution is facilitated considerably by use 
of a high speed digital computer. Furthermore, a subroutine for such a 
non-linear regression analysis was available through the Share^  Library. 
It was only necessary to supply the data points and the partial deriva­
tives of the function with respect to the four parameters. The computer 
program iterated until the variations in the parameters were less than or 
- 6  
equal to 10 , and then printed out the final values of the parameters. 
This procedure does not guarantee that an absolute minimum value of Q 
has been achieved, since the p-surface in four-space may contain numerous 
local maximum minima, or saddle points. If such were the case then the 
requirements that the derivatives of Q with respect to the parameters 
vanish may be satisfied for a number of sets of p^ . Thus there is no 
Share is an organization of International Business Machine computer 
installations. 
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assurance that an absolute minimum value of Q has been rèached, and 
therefore no assurance that the solution is unique. Furthermore, 
Hartley (12) makes the statement that if the p-surface does have local 
minima, the coordinates of such a point do not constitute a desirable 
estimate for the purpose of curve fitting, i.e., only the absolute minimum 
is a good estimate for statistical reasons. 
With this warning in mind, it was therefore necessary to make good 
estimates of the p^ . This was the reason for the comprehensive use of 
all data points in arriving at initial values for the parameters in 
Equation 13. 
The in Equation l4 are the strains obtained from experimental 
measurements on the creep specimens. However, some data points were 
extrapolated, calculated, or interpolated. It would be useful to insert 
such secondary values (extrapolated, calculated, or interpolated points) 
along with the primary values (experimental observations) into the least 
squares solution, but these secondary values should not have as much 
weight in the determination of the final fit as the primary values. 
The data was, therefore, weighted, giving a weight of one to the primary 
information, a weight of 0.5 to the calculated and interpolated values, 
and S = 0.1*, and a weight of 0.1 to the extrapolated values, S = 
0.6**. These weights were arbitrarily selected. 
The results from the computer for the best possible estimate were 
56 
= (865 + 15;883s 
= (1190 + 19,558s' 
2.58^ 0^.373 
fe2.58j^ o.l55 
(18) 
As a possible test for uniqueness, two slightly different sets of 
Pj were also fed into the computer, and the results converged to the 
same set to eight digits.. This meant only that the values of the p^  
which were used were still in the neighborhood of the same local minimum, 
if a local minimum rather than an absolute minimum existed. 
The physical problem under consideration is the description of the 
creep surface. This surface which could be plotted in a three-space, 
can be interpreted geometrically, and thus it is possible to examine the 
quality of the fit by comparing both experimental and fitted surfaces. 
In order to check the fit, experimental and analytical points are 
plotted in Figures 12 and I3. Numerical comparison is also made in Table 
11 in Appendix B. Examination of these curves indicates that a good 
approximation of the experimental points has been achieved. 
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VII. INTERPRETATION OF RESULTS 
In the section on analysis of data a discrepancy was noted between 
measured strains at 0.0 and 0.1 stress level and calculated or inter­
polated values for I and 0.1*. An attempt will now be made to justify 
the discrepancy. 
When a concrete specimen is removed from a curing atmosphere it dries 
out. During the drying out process menisci develop at the air-water inter­
faces in the capillary and gel pores which constitute myriad channels orient-
ted in random directions throughout the concrete spécimen. As the menisci 
develop, the water in these channels is subjected to a tensile stress, the 
magnitude of which is limited by the capacity of the water to develop 
surface tension. Since there is no external force on the specimen, other 
tfean gravitational, the pore-water tension must be balanced by an inter-
granular compressive stress in the concrete. Therefore the drying 
concrete is subjected to a compressive stress which is to all intents 
and purposes, triaxial. 
Let this triaxial confining pressure be denoted by the symbol, f^ . 
For "elastic" action 
E6 = fc (1 - 2n) (19) 
The quantity, f^ (l - 2n), may be considered an effective axial stress 
such that a linear relationship exists between it and the strain in the 
proportional range of behavior. The initial "elastic" response may be 
6o 
written as 
f (1 - 2^ ) f 
% = — = r (20) 
If the effective stress, f^ , is sustained, inelastic creep strain will 
occur, but it would be expected to follow a creep surface law which is 
similar in form to Equation 12. The time origin for this expression must 
be at the time that the intergranular pressure develops, but this exact 
time is unlùiown. The time required to develop the menisci will of course 
vary with the ambient humidity. In a very dry atmosphere the menisci 
will develop in a matter of hours. In a saturated environment the menisci 
will never develop. However, suffice it to say that exposed to the low 
Colorado humidity during the dry month of October, the specimen had probably 
been subjected to an effective stress, f^ , of unknown magnitude for a 
period of almost seven days before loading in the creep frame during which 
some creep strain was taking place. Therefore the specimen may be con­
sidered to be subjected to the sum of the effective stress and the stress 
applied in the creep frame. The effect of the increase in stress would 
normally induce a creep strain larger than originally expected. There 
is, however, another effect. Examination of the experimental creep-time 
curves shows that the material becomes stiffer with time since the 
exponent, q, is less than unity. This means that the time rate of creep 
decreases with time. Furthermore, the stress effect and the time effect 
conflict with each other. The first tends to make the creep strain 
6i 
greater because the stress is greater by an amount, The second 
tends to make the creep strain smaller because creep has been going on 
longer than the time indicated with a resulting decrease in the creep 
rate. At low stress levels the dependence upon stress is not great, as 
is evidenced by the comparatively flat strain-stress curves in the 
vicinity of the origin. The steepest slopes of the strain-time curves 
occur near the origin, however, and therefore a significant reduction in 
the time rate of change occurs due to the unknown shift of the time origin. 
The discrepancy between experimental and analytical curves can now 
be Justified. At low stress levels, say less than 20^  of ultimate, the 
effect of reduction in time rate of change is predominant over the effect 
of increased stress. This results in the experimental values of strain 
being less than the predicted values. At higher stress levels the effect 
of reduction of time rate is offset by an increased dependence upon stress 
rate, and the two tend to compensate for each other. Agreement between 
experimental and predicted values is good for stress levels greater than 
20% of ultimate strength. 
Another interesting point which requires some interpretation is the 
apparent bilinearity of the creep-time curves in log-space. The fact that 
the discontinuity in slope appears at approximately the same time 
ordinate for all stress levels points out that this time ordinate may 
represent some critical time in the history of the concrete. 
Powers (22) states that the water present in cement paste can be 
classified as either fixed water or free water. The fixed water exists 
in chemical combination with the cement as a constituent of the solid 
phase of the gel.. The free water, also referred to as the evaporable 
water, is held by confinement only while the gel water, bonded molec-
ularly, is held at the surface of the gel particle by absorption, or is 
confined within the crystal lattice as zeolitic water. 
According to Glucklich and Ishai (lO) capillary water is removed 
rapidly, but there is no volume change associated with this removal. 
Removal of the gel water leads to a decrease in voids ratio since 
expulsion of gel water is accompanied by constriction of the voids. 
When the absorbed gel water is completely removed, only zeolitic water 
remains. This zeolitic water is strongly bound, and therefore its removal 
occurs at a low rate with an accompanying decrease in the rate of volume 
reduction. 
A possible explanation of the apparent discontinuity in the slope 
of the log plot of the strain-time curves would then be that the absorbed 
gel water has been completely removed on the outside of the specimen where 
the strains are measured, and the rate of volume change is governed by 
the rate of expulsion of the zeolitic water. 
There is another point which requires some interpretation or at least 
some discussion. It is often useful to have as a material property a 
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quantity which would relate the strain to the stress and time. A parallel 
to such a quantity would be Young's Modulus, a measure of stiffness, 
which is the relationship between stress and strain under static conditions. 
Under idealized conditions Young's Modulus is a constant, but when the 
proportional limit has been exceeded, the instantaneous modulus can be 
defined only as the slope of the stress-strain curve, and its value 
depends upon position in the stress-strain plane. 
The reciprocal of the stiffness may be called the flexibility. In 
the simple case cited it is the ratio of incremental strain to incremental 
stress. The concept of flexibility can also be applied to creep, except 
that in this case the creep flexibility would be a function not only of 
stress but also of time. 
Referring to the three-space in which the creep surface can be 
plotted in an e-S-T triplet of orthogonal axes, let a unit vector in the 
S direction be denoted by and a unit vector in the T direction by 
Then the flexibility, F, can be represented by the gradient of e, or 
F = grade = grad (A + 
Il + Ir't 
F = nBs"" V q(A + bs")T^ "^ t (21) 
The magnitude of |F| = F is of course 
F = [nBS""^ T'^ )^  + [q(A + BS")t'^ "^ ]^ ] ^  (22) 
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Neither the vector form of the flexibility nor the scalar magnitude 
are convenient to use because of the complexity of the expressions and 
the dependence of each term upon both stress and time. However, conceivably, 
such a quantity could be of use in some sort of incremental theory involv­
ing the creep surface. 
) 
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VIII. CONCLUSIONS 
It is now possible to draw conclusions from the data and analysis in 
the preceding sections. 
Shrinkage characteristics of a concrete depend upon shape and size 
of specimen to some extent. A two by two by ten inch prism and a three by 
thirty inch cylinder have similar shrinkage until age 50-6o days when 
the shrinkage rate for the cylinder drops below that of the prism. 
The stress-strain characteristics of a particular concrete vary in a 
rather haphazard manner with age after the termination of a seven day 
moist curing period, but a general trend does emerge. The stiffness 
seems to increase with age, but the strain at maximum stress appears to 
approach a constant value, while the maximum stress varies only slightly 
beyond 28 days. It might therefore be desirable to use the 28-day strength 
as a reference rather than the l4-day strength. 
The creep response of a particular concrete under specified load 
and curing history may be represented geometrically as a surface. A 
pictorial sketch of such a surface is shown in Figure l4. The functional 
form of the equation of the surface is 
e = (A + B8*)T% 
The quantity. A, may be regarded as the theoretical shrinkage coefficient. 
It actually represents an upper bound on the shrinkage at a particular 
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Figure 14. Pictorial sketch of creep surface 
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time since it predicts a value larger than the measured shrinkage as 
discussed in the section on interpretation of results. The coefficient, 
B; and the exponents, n and q, cannot be interpreted physically at this 
point. They must simply be regarded as empirical constants, about which 
little can be said or even deduced. Further research may indicate that 
they are not constants but are functions of some of the variables which 
were eliminated from consideration in this investigation. 
Comparison of the equation of the creep surface. Equation 12, with 
the results obtained from a visco-elastic analysis shows that the alternate 
form for the surface obtained in this investigation is indeed simpler 
than the results obtained by say Freudenthal and Roll (?) to choose one 
of many who have used the rheological approach. In this regard the objec­
tive of this investigation has been met. 
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IX. RECOMMENDATIONS FOR FURTHER RESEARCH 
For the benefit of future researchers in this subject area, a number 
of recommendations and observations based upon experience in this 
investigation may be made. 
The uniformly graded mortar mix used in this study should be replaced 
by a less harsh mix which will permit better reproducibility through more 
uniform placement of fresh concrete in the molds. 
Drift free load cells are of critical importance. The quality of 
the data obtained is dependent upon the constancy of the load applied. 
Perhaps it is too much to ask of electronic load cells to maintain a 
constant reference over the periods of elapsed time required to collect 
this type of data. A mechanical type of load cell such as a proving ring 
loaded at a low enough stress level such that creep in the proving ring 
will not be a factor may be the answer to this problem. 
Some thought should be given to extending the concept of the creep 
surface as obtained in this investigation to conditions of flexure. 
The form of the creep function obtained under a strain gradient may be 
somewhat different from that obtained under uniform axial load. The same 
argument may be used for creep under biaxial or triaxial conditions. 
Since the creep functions are nonlinear, the technique of superposition 
is not valid. This opens up the idea of developing a failure theory which 
could be used as a criterion for creep, but which could incorporate 
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information obtained from axial loading. Such a failure theory if found 
workable could reduce the experimental effort required for the solution 
of creep problems immeasurably. 
It is also important to check the equation of the creep surface for 
longer duration of elapsed time. Unfortunately no one has yet been able 
to collapse the time scale, and as a result all experiments have nec­
essarily been carried out in real time. This means of course that unless 
unusual facilities become available, a considerable period of time must 
be devoted to collecting data. 
There is evidence to indicate that the coefficients, p^ , in the com­
ponent equations at constant stress are related to the stress level since 
a plot of p^  against S on semilog paper yields a straight line for 
S > 0.2. It is quite possible that a further refinement of the creep 
surface relationship may be achieved by exploring this dependence. It 
may be necessary to separate shrinkage from creep strains in order to 
pursue this line of attack. The form of the equation would then become 
€ = p^ T^  = ae^ T^^  
The comparative simplicity of this expression makes it very attractive, 
and it would therefore be worthwhile to investigate it further. 
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XI. APPENDIX A 
Since there are three independent constants in the expression for 
the stress-strain curve, the analytical curve can be forced through three 
experimental points. Experience has shown that if those three points 
o^ ^^ 0 
correspond to —, and reasonably good fit will be achieved, and 
the solution of the resulting pair of simultaneous transcendental equa­
tions is somewhat simplified. This may be demonstrated as follows: 
e 
Let and let the corresponding stress be f^ , 
e = the strain at maximum stress, f , and 
° 3^ 0 ° 
G = with corresponding stress, f . Then 
f = — = — 
a + a + 
o  ^ o 
a + (—)^  = (a + 1) — — 
e G f 
° lb 1 ^ o 
For f^ , a + (-) = (a + l) - —, and 
for f2,Gg; a + (|)^  = (a + l)| ^  . (23) 
Eliminating a from Equations 23 
(jjr - + (1 - (24) 
This rather awkward equation can be solved for b, after which a and E^  
can be determined quite simply. 
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XII. APPENDIX B 
Table 11 » Numerical comparison between experimental and fitted points 
Stress Time Experimental Fitted Deviation 
Ratio Ratio Data Data 
micro-strain micro-strain micro-strain 
0.0 0.0 0000 0000 0000 
0.1 0000 0000 0000 
0 .2  0000  0000  0000  
0.3 0000 0000 0000 
O.lj- 0000 0000 0000 
0.5 0000 0000 0000 
0 .6  0000 0000 0000 
0.0 0.5 586 668 -82 
0.1 590 TOO -110 
0.2 760 860 -100 
0.5 1100 1217 -117 
0.4  1775 1821 -46 
0.5 2810 2718 92 
0.6 40l6 3950 66 
0.0 1.0 798 865 -67 
0.1 840 906 -66 
0.2 1055 1115 -60 
0.3 1525 1576 -51 
0.4  2335 2358 -23 
0.5 3565 3521 44 
0.6 5208 5116 92 
0.0 1.5 964 1006 -42 
0.1 1025 1055 -30 
0.2 1265 1297 -32 
0.3 1820 1833 -13 
0.4 2765 2744 21 
0.5 4125 4096 29 
0.6 6000 5952 48 
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Table 11 (Continued) 
Stress 
Ratio 
Time Experimental 
Ratio Data 
micro-strain 
Fitted 
Data 
micro-strain 
Deviation 
micro-strain 
0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0 .6  
0.0 
0.1 
0 .2  
0.3 
0.4 
0.5 
0 .6  
0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0 .6  
0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0 . 6  
0.0 
0.1 
0.2 
0.3 
2.0 
2.5 
3.0 
3.5 
4.0 
1136 
1200 
l46o 
2060 
3100 
4565 
6680 
1289 
1350 
1610 
2250 
3350 
4950 
7264 
1392 
1465 
1710 
2385 
3545 
5175 
7656 
1435 
1515 
1770 
2475 
3690 
5330 
7850 
1466 
1540 
1830 
2545 
1120 
1174 
1444 
2041 
3055 
4560 
6627 
1217 
1276 
1569 
2218 
3320 
4956 
7202 
1303 
1366 
1679 
2374 
3554 
5306 
7709 
1446 
1509 
1820 
2509 
3679 
5417 
7802 
1477 
1541 
1858 
2562 
16 
26 
16 
19 
45 
45 
53 
72 
74 
4l 
32 
.50 
- 7 
61 
• 89 
99 
31 
11 
- 9 
-131 
-53 
-12 
6 
-50 
-34 
11 
-87 
48 
-11 
- 1 
-28 
-17 
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Table 11 (Continued) 
Stress Time Experimental Fitted Deviation 
Ratio Ratio Data Data 
micro-strain micro-strain micro-strain 
0.4 3830 3756 74 
0.5 5510 5531 -21 
0.6 8020 7966 54 
0.0 4.5 1509 1504 5 
0.1 1580 1569 11 
0.2 1865 1893 -28 
0.3 2590 2610 -20 
0.4 3925 3826 99 
0.5 5635 5633 2 
0.6 8170 8113 57 
0.0 5.0 1539 1529 10 
0.1 1615 1595 20 
0.2 1900 1924 -24 
0.5 2650 2653 
- 3 
0.4 3985 3889 96 
0.5 5720 5726 - 6 
0 . 6  8300 8247 53 
0.0 5.5 1556 1552 4 
0.1 1635 1619 16 
0.2 1935 1953 -18 
0.3 2700 2692 8 
0.4 4045 3947 97 
0.5 5780 5812 -32 
0 . 6  8430 8370 60 
0.0 6.0 1565 1573 - 8 
0.1 1650 l64l 9 
0.2 i960 1979 -19 
0.3 2735 2729 6 
0.4 4100 4001 99 
0.5 5840 5891 -51 
0 . 6  8570 8484 86 
76 
Table 11 (Continued) 
Stress Time Experimental Fitted Deviation 
Ratio Ratio Data Data 
micro-strain micro-strain micro-strain 
0.0 6.5 1592 1593 - 1 
0.1 l68o 1662 2 
0.2 1980 2004 -24 
0.5 2750 2763 -13 
0.4  4135 4051 83 
0.5 5880 5965 -85 
0.6 8690 8590 100 
0.0 7.0 1601 1611 -10 
0.1 1685 1681 4 
0.2 1990 2027 
-37 
0.3 2770 2795 -25 
0.4  4170 4098 72 
0.5 5920 6034 -113 
0.6 8770 8690 80 
